Abstract . Loss of plant diversity with increased anthropogenic nitrogen (N) deposition in grasslands has occurred globally. In most cases, competitive exclusion driven by preemption of light or space is invoked as a key mechanism. Here, we provide evidence from a 9-yr N-addition experiment for an alternative mechanism: differential sensitivity of forbs and grasses to increased soil manganese (Mn) levels. In Inner Mongolia steppes, increasing the N supply shifted plant community composition from grass-forb codominance (primarily Stipa krylovii and Artemisia frigida , respectively) to exclusive dominance by grass, with associated declines in overall species richness. Reduced abundance of forbs was linked to soil acidifi cation that increased mobilization of soil Mn, with a 10-fold greater accumulation of Mn in forbs than in grasses. The enhanced accumulation of Mn in forbs was correlated with reduced photosynthetic rates and growth, and is consistent with the loss of forb species. Differential accumulation of Mn between forbs and grasses can be linked to fundamental differences between dicots and monocots in the biochemical pathways regulating metal transport. These fi ndings provide a mechanistic explanation for N-induced species loss in temperate grasslands by linking metal mobilization in soil to differential metal acquisition and impacts on key functional groups in these ecosystems.
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INTRODUCTION
There has been a dramatic increase in atmospheric N deposition due to fossil fuel combustion and the use of N fertilizers in the past century Tilman 2008 , Galloway et al. 2008 ) , with 2010 values projected to increase >1.5-fold by 2030 (Bodirsky et al. 2014 ). This increase in N deposition is altering N cycling and the productivity and biodiversity of terrestrial ecosystems globally (Galloway et al. 2008 , Bobbink et al. 2010 . In grassland ecosystems in particular, long-term N deposition has resulted in significant reductions in plant species richness and altered ecosystem function (Stevens et al. 2004 , Clark et al. 2007 , Harpole and Tilman 2007 , Clark and Tilman 2008 , Bobbink et al. 2010 , Dupre et al. 2010 , Fang et al. 2012 , Isbell et al. 2013 . Several mechanisms have been proposed to explain plant species loss with increased N deposition, but their relative importance is generally unknown (Suding et al. 2005 , Clark et al. 2007 , Harpole and Tilman 2007 , Hautier et al. 2009 , Borer et al. 2014 (Grime 1973 , Hautier et al. 2009 , Reich 2009 , Borer et al. 2014 . High levels of N deposition can also acidify the soil and potentially release phytotoxic metal ions including aluminum (Al 3+ ), manganese (Mn 2+ ), and iron (Fe 3+ ; van Breemen et al. 1982 , Roem and Berendse 2000 , Horswill et al. 2008 . The metal toxicity mechanism is thought to explain overall species loss in grasslands (Grime 1963 , Stevens et al. 2006 , Bowman et al. 2008 , but this mechanism ' s role in the commonly observed shift in grass-forb ratios that accompany biodiversity loss remains unresolved.
The semiarid grassland in Inner Mongolia (northern China) is an integral part of the Eurasian steppe, with high biodiversity and important ecological and agricultural functions (Kang et al. 2007 ). Nitrogen deposition rates have increased substantially in China over the past two decades (Liu et al. 2013 ), reaching the current rate of 16 kg·ha −1 ·yr −1 in the region (Zhang et al. 2008 ) , with clear evidence showing the tight connection between chronic N deposition and declines in species richness in temperate steppe ecosystems (Bai et al. 2010 , Song et al. 2011 , Fang et al. 2012 , Lan and Bai 2012 . Several studies have reported that reductions in species richness of grasslands by N deposition were due to greater losses of forbs than grasses (Stevens et al. 2006 , Fang et al. 2012 , Ceulemans et al. 2013 . The temperate steppe in Inner Mongolia is codominated by the perennial grass Stipa krylovii and the perennial forb Artemisia frigida (Hou 1982 , Fang et al. 2012 , with typically low availability of iron (Fe) and manganese (Mn) for plants owing to high soil pH and high redox potential (Xiong and Li 1987 ) . As with grasslands in Europe (Stevens et al. 2004 , Ceulemans et al. 2013 , N deposition acidifi es the soils of temperate steppes (Fang et al. 2012 , Lan and , resulting in the mobilization of a number of metal ions. Excessive foliar accumulation of these metals can be phytotoxic. Importantly, dicots and monocots differ in their mechanisms of metal acquisition (Marschner 1995 , Curie and Briat 2003 ) , suggesting that increases in soil Mn 2+ and Fe 3+ may be linked to the reduction in dicot forbs that constitute the majority of total plant richness in grasslands. Yet, this mechanism of differential accumulation of phytotoxic metals by forbs and grasses has not been directly tested. In the present study, we evaluated the roles of soil-mediated mobilization of metals and accumulation of metals by grasses and forbs in the plant species loss induced by long-term N addition in a temperate steppe of northern China.
METHODS
We combined fi eld work in the temperate steppe of Inner Mongolia with more controlled experiments in a greenhouse. The fi eld work was carried out in Duolun County (42°02′N, 116°17′E; 1324 m above sea level), Inner Mongolia, China. The area is of temperate climatic zone with mean annual temperature and precipitation of 2.1°C and 382.2 mm (which occurs predominantly in summer), respectively. Soils are Haplic Calcisols according to ISSS Working Group RB (1998) . The soil is composed of (mean ± standard error) 62.7% ± 0.04% sand, 20.3% ± 0.01% silt, and 16.9% ± 0.01% clay, and mean soil bulk density and pH is 1.3 g/cm 3 and 6.8, respectively. Ambient N deposition at the site is estimated to be 1.6 g N·m −2 ·yr −1 (Zhang et al. 2008 ) , and soil N mineralization rates in this area under ambient conditions are −0.04-0.52 µg N/g soil during the ~100-d growing season . Vegetation is a typical steppe community, mainly dominated by perennial species including S. krylovii , A. frigida , Potentilla acaulis , P. tanacetifolia , Dianthus chinensis , Heteropappus altaicus , Cleistogenes squarrosa , Allium bidentatum , Leymus chinensis , Carex korshinskyi , Melilotoides ruthenica , and Agropyron cristatum (Hou 1982 ) .
Field study design
The N amendment experiment was initiated in 2003 after exclusion of livestock grazing. Sixty-four plots (each 15 × 10 m) separated by 4 m wide buffer strips were established in an 8 × 8 Latin square experimental design. There were eight levels of N (urea) addition (0, 1, 2, 4, 8, 16, 32, 64 g N·m −2 ·yr −1 ), with eight replicates per N treatment. The N-addition rates used in our study were comparable to those used in other N-addition experiments in grassland ecosystems (Bai et al. 2010 , Dickson and Forster 2011 ) . Alternative rows were mowed annually to simulate grazing, leading to four mowing and four non-mowing replicates per N treatment.
Urea is a widely used N fertilizer in China. The applied urea is rapidly hydrolyzed to ammonia/ammonium by urease in soils, and ammonium is further converted into nitrate by nitrifi cation, leading to an increase in inorganic N in soils. Previous results showed that application of urea led to a signifi cant increase in soil nitrate concentrations in this steppe (Fang et al. 2012 ) . Therefore, the use of urea in our N addition experiments can simulate the natural N deposition. Urea (N, 46%) was applied annually in July when maximal precipitation occurs. Annual mowing to 2 cm height was conducted every August starting in 2005. In August 2012, we collected soil and plant samples from 48 plots representing six of the N addition × mowing treatments (0, 2, 4, 8, 16 , and 32 g N·m ). Species richness and aboveground plant biomass were measured in each plot in mid-August annually using a 1 × 1 m quadrat as described by Fang et al. ( 2012 ) . Briefl y, the quadrat was randomly placed in each plot that was not overlapped spatially among years and at least 1 m inside the border of plots to avoid edge effects. Individual plants were harvested by clipping the entire aboveground part of each plant to determine their aboveground biomass. After determination of aboveground plant biomass, leaves of grasses and forbs from each plot were subsampled, dried at 75°C, and digested with a mixture of nitric acid and hydrogen peroxide. The digested samples were used to determine manganese and iron concentrations by inductively coupled plasma optical emission spectrometry (ICP-OES; ICAP6300; Thermo Electric, West Chester, Pennsylvania, USA).
Photosynthetic rates of the two dominant species A. frigida and S. krylovii in plots with different N addition rates were measured on sunny days between 08:30 and 12:30 in August 2012 with a LI-6400 XT portable photosynthesis system equipped with a LED leaf cuvette (Li-Cor, Lincoln, Nebraska, USA). Artifi cial illumination was applied to the leaves in the chamber from a red-blue 6400-02B LED light source (Li-Cor) attached to the sensor head with continuous light (1000 µmol·m −2 ·s −1 photosynthetic photon fl ux density) and ambient CO 2 concentration of ~400 µmol CO 2 / mol (Niu et al. 2005 ) . At least two individual S. krylovii and A. fridiga plants in each plot were selected for measuring photosynthetic rates.
Soil samples from three depths (0-10, 10-20, 20-30 cm) in each plot were collected using a 10 cm diameter soil core in August 2012. Soil samples were sieved and air-dried for determination of soil pH and mineral elements. For soil pH, 6 g of air-dried soil was incubated in 15 mL CO 2 -free deionized water for 1 h prior to pH measurement (Hanna PH211; Hanna Instruments, Padova, Italy). Exchangeable concentrations of Mn 2+ and Fe 3+ in the soil were estimated from 25 g soil extracted for 2 h with 50 mL extracting agent composed of 5 mmol/L diethylenetriaminepentaacetic acid (DTPA), 10 mmol/L CaCl 2 , and 0.1 mol/L triethanolamine (TEA) at a pH of 7.3 (Lindsay and Norvell 1978 ) . To extract soil exchangeable Al 3+ , 10 g air-dried soil was incubated in 50 mL of the 0.1 mol/L BaCl 2 (pH 5.3) for 30 min, and the fi ltered extraction solution was analyzed for Al (Bowman et al. 2008 ) . The metal concentrations (Mn 2+ , Fe 3+ , and Al 3+ ) of the extracted solutions were measured by ICP-OES.
Greenhouse experiment
To determine if the two dominant species, A. frigida and S. krylovii , differ in their sensitivity to soil Mn 2+ concentrations, we collected seeds from control plots and planted them in pots (20 cm diameter) fi lled with vermiculite and irrigated with one-eighth strength Hoagland solution under controlled growth conditions. After growth for 5 weeks, fi ve A. frigida and S. krylovii seedlings in each pot were treated with one-eighth strength Hoagland solution supplemented with varying concentrations of MnCl 2 (0, 50, 100, 250, 500, 1000 µmol/L) for 10 d. Thereafter biomass, foliar concentrations of Mn and Fe, and photosynthetic rates were determined as described previously. At least two S. krylovii and A. frigida seedlings in each pot were used to measure photosynthetic rates with fi ve replicates for each MnCl 2 treatment, and each replicate contained fi ve A. frigida and S. krylovii seedlings. The MnCl 2 concentrations used in our study were similar to those commonly used in studies of Mn toxicity (Millaleo et al. 2013 ).
Statistical analysis
Because N addition led to a similar reduction in species richness among mowed and non-mowed plots (Appendix S1: Fig. S1 ), the two treatments were pooled in all subsequent analyses. In addition, a signifi cant reduction in species richness by N addition was observed in 2007, and that effect has lasted throughout the experimental period with interannual variation (Appendix S1: Fig. S2 ). We therefore focused our analyses on data between 2007 and 2012 and conducted analyses on mean plant richness (total, grass and forb) and biomass (total, grass, forb, S. krylovii , and A. frigida ) across this period. One-way ANOVA (Duncan ' s test) was used to evaluate plant biomass, species richness, photosynthesis, and soil and foliar metal concentrations under varying N addition rates for the fi eld experiment and under varying MnCl 2 concentrations in the greenhouse experiment (SPSS 16.0; SPSS, Chicago, Illinois, USA). Treatment means were compared by least signifi cant difference (LSD) post hoc tests, with signifi cance set at P < 0.05. Regression analyses were used to assess the correlation between foliar Mn, Fe, and photosynthetic rates (Pn) with N additions and greenhouse MnCl 2 treatments. All analyses were conducted in SPSS 16.0.
RESULTS
Effects of N addition on aboveground plant biomass and plant species richness
Long-term N addition signifi cantly enhanced overall aboveground plant biomass (Fig. 1 a) , with the magnitude of the increase positively dependent on N addition rates. However, the increase plateaued at the N-addition rate of 8 g N·ha −1 ·yr −1 (Fig. 1 a) . We further examined the effect of N addition on biomass of grasses and forbs and found that N addition significantly enhanced the biomass of grasses, while the biomass of forbs was signifi cantly reduced by N ( Fig. 1 b, c) . As the steppe community is co-dominated by the forb A. frigida and grass S. krylovii , the effects of N addition on the biomass of the two species were also evaluated. Similar to the biomass of forbs and grasses, N addition led to a signifi cant reduction and increase in the biomass of A. frigida and S. krylovii , respectively ( Fig. 1 b, c) , suggesting that the changes in the biomass of the community are driven primarily by these two co-dominant species.
In contrast to biomass responses, there was a linear reduction in total species richness with increasing N addition rate (Fig. 1 d) . Further, N addition also had different effects on species richness of forbs and grasses, such that N addition at greater than 4 g·m −2 ·yr −1 signifi cantly reduced forb species richness, while grass species richness was relatively constant across all N-addition rates (Fig. 1 d) . Thus, the reduction in plant species richness by N addition was driven entirely by the loss of forb species. The linear negative correlation between N addition rate and forb species richness indicates that for every ~5 g·m −2 ·yr −1 increase in the rate of added N to simulate N deposition in Inner Mongolia steppe, an additional forb species per square meter is lost.
Effects of N addition on photosynthetic rates
To determine if the differential effects of N addition on plant biomass and species richness of forb and grass species can be related to their photosynthetic responses, photosynthetic rates of the two dominant species, A. frigida and S. krylovii , under varying Naddition rates were determined in the fi eld. Photosynthetic rates of A. frigida were signifi cantly reduced by N addition ( P < 0.0001, Fig. 2 ), whereas N addition up to 32 g·m −2 ·yr −1 had no impact on photosynthetic rates of S. krylovii (Fig. 2 ) .
Effects of N addition on foliar metal concentrations of plants
The differential effects of N addition on photosynthetic rates of A. frigida and S. krylovii prompted us to test whether N addition led to changes in foliar accumulation of metals that can impact the photosynthetic processes. Nitrogen addition reduced the overall species richness, and species richness of forbs, but it had no effect on species richness of grasses. Species richness and aboveground biomass were determined in 1-m 2 quadrats and pooled over a 6-yr period (2007) (2008) (2009) (2010) (2011) (2012) . Data are means ± SE ( n = 8). Relative aboveground biomass of grasses ( R 2 = 0.6427, P < 0.001; relationships signifi cant at P < 0.05) and S. krylovii ( R 2 = 0.5003, P < 0.001) was positively correlated with (b) N-addition rate and relative aboveground biomass of forbs ( R 2 = 0.6867, P < 0.0001) and (c) A. frigida ( R 2 = 0.8186, P < 0.0001) was negatively correlated with N-addition rate. The overall species richness ( R 2 = 0.9530, P = 0.001) and species richness of forbs ( R 2 = 0.96396, P < 0.001) were negatively correlated with Naddition rates, while there was no signifi cant correlation between species richness of grasses and N-addition rates ( R 2 = 0.3961, P = 0.181). Different letters above the bars represent signifi cant differences among different N-addition rates at P < 0.05.
We examined the effect of N addition on foliar concentrations of several metals in the two co-dominant species in the fi eld experiment. Nitrogen addition caused linear increases in foliar Mn concentrations for both A. frigida ( P < 0.0001) and S. krylovii ( P < 0.0001), but the increase in A. frigida was much greater than in S. krylovii (Fig. 3 a) . In contrast to foliar Mn concentration, N addition reduced foliar Fe concentrations in A. frigida ( P < 0.0001) and S. krylovii ( P < 0.0001), again with reductions much greater in A. frigida than in S. krylovii (Fig. 3 b) . To verify whether N addition has similar effects on accumulation of Mn and Fe by forbs and grasses, foliar Mn and Fe concentrations in other forbs and grasses under different N addition rates were also measured. Similar patterns of accumulation of Mn and Fe were found more generally for grass and forb species in the N-amended plots (Fig. 3 c, d ), suggesting that the greater Mn accumulation and reduction of Fe accumulation in A. frigida than in S. krylovii are representative of differences in Mn and Fe acquisition between forbs and grasses generally.
Effects of N addition on soil pH and mineral ion concentrations
To further explore N addition-induced accumulation of Mn and suppression of Fe acquisition, the effects of N addition on soil properties were studied. Soil pH was reduced by N addition in a dose-dependent manner (Fig. 4 a) , and the reduction was most evident at the shallowest soil depth (Appendix S1: Fig. S3 ). In addition, N addition led to linear increases in the concentrations of soil exchangeable manganese (Mn 2+ ), ferric iron (Fe 3+ ), and aluminum (Al 3+ ) in soils (Fig. 4 b, c) . These increases were most profound in the upper soil layer (Appendix S1: Fig. S4 ), while N addition had no effect on soil NH 4 + concentrations (Fig. 4 c) .
Effects of MnCl 2 on growth and photosynthetic rates
To evaluate differential accumulation of Mn between the forb and grass as a mechanism for the N-induced loss of forb species, we conducted a greenhouse experiment with A. frigida and S. krylovii seedlings exposed to varying concentrations of MnCl 2 . Biomass of shoots and roots in A. frigida was signifi cantly reduced by MnCl 2 , but the same treatment had no effect on the biomass of S. krylovii (Fig. 5 a, b) . Like the fi eld results, addition of MnCl 2 caused a much greater increase and decrease in foliar Mn and Fe concentrations in A. frigida than in S. krylovii (Fig. 5 c, d ). Furthermore, MnCl 2 addition signifi cantly reduced photosynthetic rates of A. frigida ( P < 0.0001, Fig. 5 e) , while the same treatment led to an increase in photosynthetic rates of S. krylovii ( P = 0.002, Fig. 5 e) .
DISCUSSION
Several mechanisms have been proposed to explain species loss induced by enhanced N deposition in grasslands, with most focused on the competitive exclusion of less common species (Suding et al. 2005 , Clark et al. 2007 , Harpole and Tilman 2007 , Hautier et al. 2009 ). Here, we demonstrated that chronic N addition reduced richness of forbs and enhanced soil Mn 2+ and Fe 3+ concentrations due to soil acidifi cation in an Inner Mongolia steppe. We further showed that forb species accumulated much greater amounts of Mn in their foliage compared to grasses across the N-addition gradient. The accumulation of Mn and suppression of Fe acquisition by forb species were associated with reduced photosynthetic rates and growth. Combined, these results point to an alternative mechanism for the loss of forb species in the temperate steppes under conditions of high N deposition: differential sensitivity of grasses vs. forbs to N-induced mobilization of soil Mn
2+
. This differential sensitivity is accounted for by intrinsic differences in the acquisition of Mn and Fe between dicots and monocots (Marschner 1995 , Curie and Briat 2003 ) . Indeed, our results showed that N inputs as low as 2 g·m for nine years can signifi cantly reduce aboveground biomass of forbs, particularly the dominant forb A. frigida (Fig. 1 b) , inhibiting photosynthetic rates of this species by 40% (Fig. 2 ) , and 4 g·m −2 ·yr −1 of N addition can cause a signifi cant reduction in forb species richness (Fig. 1 d) . Therefore, these fi ndings provide support for a biochemical explanation for the widely observed loss of forb species under low to moderate levels of N deposition in grassland ecosystems (Stevens et al. 2006 , Fang et al. 2012 , Ceulemans et al. 2013 ) by linking soil-mediated metal mobilization, and root acquisition of metals by plants to impacts on leaf-level photosynthesis. This biochemical basis of differential Mn accumulation between forbs and grasses may explain the widely observed loss of forbs with increased N deposition in many grasslands (Stevens et al. 2006 , Ceulemans et al. 2013 . Increased light limitation with enhanced N deposition has previously been invoked as the primary mechanism driving species loss in a broad range of grasslands (Hautier et al. 2009 , Borer et al. 2014 . However, the mowing treatment did not alleviate N-addition-induced species loss (Appendix S1: Fig. S1 ), suggesting that increased competition for light with N addition was not necessary for the loss of forb species in our system. Others have reported similar results, that decreases in plant biodiversity due to N addition can be independent of light intensity (Dickson and Forster 2011 ) . Instead, we observed that N addition led to a sharp accumulation of Mn and suppression of photosynthetic rates in forb species, leading to a negative correlation between photosynthetic rates and foliar Mn concentration in A. frigida (Appendix S1: Fig. S5 ). These fi ndings support an alternative plant growth form-based mechanism for species loss, particularly for ecosystems that experience acidifi cation by chronic N deposition. Our fi ndings may also have important implications for conservation of plant biodiversity in alkaline temperate grasslands. Signifi cant soil acidifi cation of temperate grasslands in northern China (reduction in soil pH by 0.63 units) has been reported over the past two decades due to anthropogenic activities (Yang et al. 2012 ) . Based on the present study, N addition at 8 g·m −2 ·yr −1 for nine years reduced soil pH by ~0.6 units, and this acidifi cation can lead to an approximately fourfold increase in soil Mn concentrations (Appendix S1: Fig. S6 ). Therefore, even moderate soil acidifi cation by N deposition may expose native grassland species to potential Mn toxicity, particularly for the species-rich forbs that more readily accumulate excessive Mn.
In addition to competition for light, belowground competition for soil resources (Rajaniemi 2002 ) and mobilization of toxic metals such as aluminum (Roem and Berendse 2000 , Bowman et al. 2008 , Horswill et al. 2008 , Stevens et al. 2009 ) have also been suggested to be involved in species richness declines with N deposition in acidic grasslands. Toxic Al 3+ species are solubilized and may suppress root growth when soil pH is reduced to below 5 (Tyler 1996 , Rengel and Zhang 2003 ) . However, we found that the exchangeable Al 3+ concentration in soils in our fi eld experiment was relatively low (Appendix S1: Fig. S6 ) and soil pH was >5 across the entire N gradient (Fig. 4 a) . Indeed, soil Al (Fig. 4 c) . Finally, foliar Al concentrations in A. frigida were reduced by N additions, whereas foliar Al concentrations in S. krylovii were relatively constant across the N treatments (Appendix S1: Fig. S7 ). Together, these observations suggest that Al toxicity is unlikely to be involved in the loss of A. frigida . In addition to Al toxicity, ammonia toxicity has been suggested to be FIG. 6 . Summary of the different mechanisms used by dicots (forbs) and monocots (grasses) in the acquisition of Fe and Mn with high rates of N addition. Acquisition of Fe by dicots is mediated by the reduction of Fe 3+ to Fe 2+ catalyzed by the ferric chelate reductase ( FCR ) in root cells, referred to as the Strategy I mechanism (Marschner 1995 , Curie and Briat 2003 ) . A metal transporter ( MT ) in the root cell membrane allowing for infl ux of both Fe 2+ and Mn 2+ into roots underlies their Fe and Mn acquisition. By contrast, monocot grasses acquire Fe from soil through a chelation-based mechanism, known as the Strategy II mechanism (Marschner 1995 , Curie and Briat 2003 ) . Monocot grasses exude phytosiderophore ( PS ) to form Fe 3+ -PS complex for subsequent uptake by an iron transporter ( IT ) in the root cell membrane. In addition to uptake of Fe 3+ , monocot grasses may also take up Fe 2+ and Mn 2+ as in dicots. But this transport system plays a minor role in the overall Fe acquisition in monocots. These differences in Fe acquisition systems between dicots and monocots may account for greater accumulation of Mn and consequent suppression of Fe acquisition under conditions of higher Mn 2+ concentrations due to N-addition-induced Mn mobilization. PM stands for plasma membrane.
responsible for the reduction in species richness by N deposition (Kleijn et al. 2008 , Zhang et al. 2014 . Differences in NH 4 + concentrations in the upper soil layers were not signifi cant among plots treated with different rates of N addition (Fig. 4 c) (Marschner 1995 , Curie and Briat 2003 ) , while Fe acquisition by monocot grasses involves exudation of phytosiderophores to form a Fe 3+ -phytosiderophores complex, and subsequent uptake of the complex into roots through a different transporter (Marschner 1995 , Curie and Briat 2003) . Monocot grasses possess a transporter similar to dicots, allowing uptake of Fe 2+ and Mn 2+ into roots, but this pathway plays a minor role in the overall Fe acquisition in these plants (Marschner 1995 , Curie and Briat 2003 ) . The mobilization of soil Mn 2+ by N deposition renders higher foliar Mn concentrations than Fe because uptake of Mn 2+ outcompetes Fe 2+ uptake in forbs, while the mobilization of Mn 2+ has a much smaller effect on Fe 3+ uptake by grasses. Therefore, N addition has less effect on foliar Fe concentration in S. krylovii and other grasses than that in A. frigida and other forbs (Fig. 3 ) , suggesting that fundamental differences in the biochemical pathways of Fe acquisition between dicots and monocot grasses underlie the differences in Mn accumulation between A. frigida and S. krylovii , and between forbs and grasses (Fig. 6 ) . Our greenhouse experiment confi rmed that A. frigida seedlings were more sensitive to increasing Mn 2+ concentrations than S. krylovii (Fig. 5 ) . In addition to markedly enhanced foliar Mn and reduced Fe concentrations in A. frigida , N addition also moderately increased foliar Mg and K concentrations and reduced foliar Ca concentrations in A. frigida (Appendix S1: Fig. S7 ), thus discounting the possibility that the enhanced foliar Mn concentrations in A. frigida by N addition results from concentrating effect due to inhibition of plant growth. Instead, these results suggest an involvement of a metal-specifi c acquisition mechanism in the increased foliar Mn concentrations.
In summary, we observed that N deposition reduced richness of forb species and mobilized soil Mn 2+ due to soil acidifi cation in a temperate steppe. We further showed that N addition led to a sharp accumulation of Mn and a concurrent suppression of photosynthetic rates in forb species. These fi ndings support a novel and alternative mechanism for N-deposition-induced species loss, particularly for ecosystems that experience acidifi cation and the release of potentially toxic metals. By linking soil-mediated processes to nutrient acquisition and photosynthesis in plants, our fi ndings provide a biochemical explanation potentially responsible for N-depositioninduced loss of forb species in vast areas of the Eurasian steppe and potentially other grassland systems experiencing N-deposition-induced acidifi cation.
